M ANY different abnormalities of the QRS complexes have been described, and a large number of these are easily recognized and have been shown to have a more or. less precise significance. On the other hand, the different abnormalities of the T complex that have come to be widely recognized as distinctive and as having a definite connotation are few. Abnormalities in the direction of the T wave have received a great deal of attention and several different varieties of inverted T waves are distinguished. Abnormalities of the size of upright T waves have also been described, although these are recognized with greater difficulty than abnormalities in the direction, and their meaning is less clearly understood. Comparatively little has been done toward the analysis of abnormalities of the shape of upright T waves, although it is known, for example, that potassium retention in some cases of uremia may give rise to a tall, pointed T wave of more or less distinctive outline.'v2
The purpose of this article is to call attention to certain types of upright T waves which differ in shape from normal T waves and become inverted under a variety of circumstances, alike in certain particulars.
MATERIAL AND METHODS
We have examined 100 normal electrocardiograms collected by Bryant." The ages of the subjects studied by him ranged from 19 years to 32 years. He recorded the standard and unipolar limb leads and precordial Leads VZ and Vd. W'e have taken in Lima and in Ann Arbor 100 additional electrocardiograms on normal subjects 20 to 75 years of age. This series includes seven precordial leads (VI, VZ, VB, V.,, Vs, Vs, and Vs), as well as the six limb leads. In 80 of these 100 cases the effect of carotid sinus massage was investigated. In forty instances, all of the thirteen leads mentioned were taken before, and at least Leads I, II, Vn, VF, Vs, V4, Vs, and Vs were taken during this procedure. In the remaining forty cases it was studied in a smaller number of leads. The age of the subjects upon which this test was performed ranged from 20 to 75 years, with an average age of 37 years. The effect of carotid sinus massage upon the form of the T wave was also studied in a series of 600 patients with various types of heart disease. In this group, tracings were taken only when inspection of movements of the galvanometer string shadow indicated that changes were taking place. Blood pressure readings were taken during the period of carotid sinus stimulation in many instances.
When this procedure produced changes in form of the T wave the patient was kept under observation and additional tests were made during a period which varied from a few months to one and one-half years.
All electrocardiograms were taken with the patient in the recumbent position. The precordial points from which leads were taken were carefully marked.
All records were taken with an electrocardiograph of the string galvanometer type.
OBSERVATIONS
The T Waves of Normal Subjects.-In describing the T waves of the normal records, we may ignore the variations in the polarity and contour of this' deflection in Lead III and in Leads VL and Vi, which are well known.
We may also pass over variations of like kind in Leads VF, Vz, and VE. The form of the T wave in the remaining leads (I, II, Va, V 3, V 4, V 5, and V ,J was much more constant.
In all these leads, except Va, the normal T wave is upright and has a more or less characteristic shape. The slope of its ascending limb is much more gradual than that of its descending limb (Fig. 1 ,A to 23 ). The normal T wave of Lead Vn would have the same shape if its direction were reversed ( Fig. l;F) . The difference between the two limbs of the T wave is well brought out by dropping a perpendicular upon the base line from the apex of this deflection. The angle made with this perpendicular by the tangent of the first limb is much larger than that made by the tangent of the final limb (Fig. 1,A to F) . These angles were measured in approximately forty cases. Their absolute and relative magnitudes vary greatly with the height and the shape of the apex of the T wave. For that reason we shall not present a detailed analysis of these measurements.
In the vast majority of instances both limbs of the T wave were smooth and the changes in their slopes from point to point were gradual.
The final slope was often followed by a U wave of small size. In ten normal subjects, 5 per cent, the T waves in one or more leads did not correspond to this description.
In some cases the two angles mentioned were approximately equal, the peak of the T wave was unusually sharp or unusually blunt, notching was present, or some other peculiarity in form occurred.
Unusual oscillations at the very end of the T wave, possible U waves, sometimes were observed.
Because T waves showing these features occurred in only a small percentage of cases, we consider them atypical ( with heart disease, atypical T waves were much more frequent than in the records of normal subjects, and the atypical features were much more pronounced.
In many electrocardiograms of such patients the atypical T waves were frequently the only peculiarity suggesting that the heart was abnormal.
We have, however, no reliable statistical data upon which an 
930
AMERICAN HEART JOURNAL accurate estimate of the frequency of atypical T waves in tracings of patients with heart disease can be based. They were encountered under a variety of conditions. They occurred in precordial leads taken from points near those which yielded inverted T waves, and were found in tracings taken during attacks of angina pectoris4 and in tracings taken after exercise tests.5 Similar deflections were found in the tracings of patients who were convalescing from acute illness or who were suffering from a severe metabolic disorder, frequently when the heart was known to be involved.
Atypical T waves often seemed to be associated with a prolongation of the Q-T interval, but in many such instances the end of the T waves could not be determined with sufficient accuracy to make it possible to measure this interval satisfactorily.
Carotid Sinus Stimulation.-h normal subjects carotid sinus stimulation produced slight variations in the amplitudes and contour of the T wave.
In no instance did it alter the polarity of this deflection.
The maximal change in amplitude was 1.1 mm. and the average change was 0.2 millimeter.
In 52 per cent of the cases no modifications of the T wave were observed. Naturally, bradycardia occurred in practically all instances. In the electrocardiograms of patients with cardiac abnormalities inverted T waves often became more inverted during carotid sinus massage.
In only two cases did such T waves become upright.
In Lead Vn, in which the T wave is normally inverted, any change which occurred was opposite in character to those which took place in the leads from the left side of the precordium. Atypical upright T waves of the kind described in the preceding paragraph often became inverted during carotid sinus stimulation.
Sometimes the inversion was confined to the terminal part of the deflection and was of the V-shaped type. We may leave out of consideration here such changes in the T waves as accompanied the development of an independent ventricular rhythm. This phenomenon seldom occurred.
Carotid sinus massage induced, of course, both bradycardia and a fall in the blood pressure.
It is impossible to say whether the T-wave changes observed were due directly to the change in the heart rate, to the change in the blood pressure, or to these combined with other factors.6'7
In many cases of chronic heart disease in which T-wave changes were observed following carotid sinus stimulation, serial electrocardiograms were taken over a period of several months. In some of the instances in which carotid sinus stimulation produced temporary inversion of previously upright T waves, persistent inversion of these deflections was observed days or weeks later. In other cases, T waves which were persistently inverted when the patient was first seen became upright later, and in many such instances temporary inversion could then be induced by carotid sinus stimulation. We may, therefore, say that carotid sinus stimulation frequently produces temporary changes in the T waves of the kind that will become persistent subsequently, or temporary T-wave changes of a kind that were persistent in the past.'j The leads in which the T waves became inverted on carotid sinus stimulation were rather constant for the same individual, but varied from one patient to another.
This suggests that the phenomenon under consideration is determined by the underlying condition of the heart, and even by conditions existing locally in the myocardium. In some cases in which the T waves were extremely labile, it was possible to change the polarity of this deflection at pleasure. ' During carotid sinus massage the T waves of some hypertensive individuals became inverted when the-heart rate was relatively fast and the blood pressure was still above the normal range. In such cases the T-wave changes cannot be ascribed to abnormal variations in the heart rate or' in the blood pressure. That carotid sinus stimulation can exert direct effects upon the ventricular myocardium seems improbable because all attempts hitherto have failed to demonstrate any direct action of the vagus nerves on the ventricular muscle. Sometimes the inversion of the T waves induced by massage of the carotid sinus region persisted for a considerable period and only became upright when the heart rate and the blood pressure had returned approximately to their original levels. Frequently the inversion of the T waves produced by carotid sinus stimulation was the sole electrocardiographic abnormality detectable, but the suspicion that the heart was abnormal which it aroused was supported by the clinical data. The most striking changes in the T waves were recorded in patients with arteriosclerotic and hypertensive heart disease, but the same phenomena were occasionally observed in syphilitic, rheumatic, and congenital heart disease.6'7 ILLUSTRATIVE CASES CASE I.-The patient was a man, aged 55 years, whose blood pressure had been elevated for several years. The electrocardiograms taken on Sept. 10, 1945, were not definitely abnormal, but the contour of the T waves as atypical, particularly in Lead V, (Fig. 2) . On carotid sinus stimulation, these atypical T waves became inverted (VA c c ). On the following day the patient's clinical condition and the deflections of the limb leads were unchanged, but the T wave was inverted in Lead V, and flat in Leads V 6 and V B. Carotid sinus stimulation increased the depth of the inverted T wave in Lead V, (V 4, c c ), but produced no changes in the other leads. After exercise the patient complained of retrosternal oppression and the T waves in Lead V, became upright (V,, e); at this time, however, the T waves of the complexes which followed compensatory pauses due to extrasystoles were flat or showed slight terminal inversion. All of the T waves were inverted when the effect of the exercise had worn off. Serial electrocardiograms taken at intervals over a period of one year showed striking changes in the shape of the T waves not associated with changes in the patient's clinical status.
CASE 2.-The electrocardiograms reproduced in Fig. 3 the blood pressure fell from 160/110 to 122/SS, and the T waves became inverted in these leads (V, c c and V L c c). In Lead V B the T deflections became nearly isoelectric (V 6 c c). The tracing marked Va e was recorded after moderate exercise. Here the 7' waves are upright but atypical.
In the electrocardiograms taken a few hours later the 'f' waves were flat in Leads II, V,, 1~5, V Ir and Va. CASE 4.-The patient was a man, aged 62 years, who was having severe attacks of angina pectoris. The electrocardiograms showed inversion of the T waves which became more pronounced during carotid sinus stimulation.
The complexes reproduced in Fig. 5 were selected from a continuous tracing taken during an attack of angina pectoris. During the attack the T waves became upright and there was slight downward displacement of the RS-T junction. The Q-T interval was considerably prolonged while the T wave was upright, and this deflection was definitely atypical in form. Note that it is distinctly notched and that the final limb falls very slowly. In other electrocardiograms taken on the same patient during attacks of angina pectoris, reversal of polarity of the T waves was observed with simultaneous pronounced RS-T displacement. In Lead Va the displacement was upward and was accompanied by terminal inversion of the T wave; in Leads Va, VP, Vs, and Vs the displacement was downward and the terminal part of the T wave was upright. Elcctrocardiograms taken on Aug. 20 and Sept. 1, 1946, were similar to those taken on Sept. 3, 1946, which are reproduced in Fig. 6 , a. The T waves are flat in all the limb leads and inverted in precordial Leads V3, Vb, Vb, and Vg. Prolonged carotid sinus massage produced moderate bradycardia, and a fall in the blood pressure to 120/80 for a period of at least one-half hour. During this time the T waves became progressively more inverted in the precordial leads, the previously isoelectric deflections in Leads I, II, and III became inverted, and those of Lead Ve became upright (Fig. 6, b) . Moderate exertion produced tachycardia, with a rise in the blood pressure to 240/140. The T waves became upright.
Tracing Vi, e shows a series of complexes from a continuous tracing. The first strip is the control and the other strips show the progression of the changes following the exercise test. On Sept. 18, 1946 On the following day hiti condition was precarious; shock was severe and the blood pressure fell to 120/75. The electrocardiograms taken at this time showed a pronounced reduction in the size of the R waves in Leads Vz and VZ, slight upward displacement of the RS-T segment in Lead V3, and deep Q waves in Leads II, III, and VF. The most striking change, however, was the reversal of polarity of rht T waves in all leads (Fig. 6, c) . This pnenomenon was observed in a series of electrocardiogram> taken during a one-half hour period. A fresh anteroseptal myocardial infarction was suspecteti. The patient died eighteen hours later. The autopsy showed general arteriosclerosis and fresh myocardial infarction.
The lower part of the septum and a small area in the anterior ventricular wall were affected. The subendocardial layers and papillary muscles were predominantly involved. The necrotic process was found to be more advanced in some places than in other., The coronary arteries, chiefly the anterior descending branch of the left coronary, were par&all\ occluded. There was, however, no complete coronary oc.clusion. Nearly two liters of blood werr found in the left pleural cavity, the hemothorax being due to the rupture of an aneurysm OI the descending aorta.
DISCUSSION
In the electrocardiograms of normal persons the contour of the T waves varies within rather narrow limits. In the tracings of patients with obvious or suspected heart disease, however, T waves of atypical shape are fairly common. Many of these atypical T deflections become inverted during carotid sinus pressure, after long postextrasystolic diastoles, or in the course of time even when there has been no definite change in the patient's clinical status. On the other hand, inverted T waves, particularly those in which the inversion is sharp and terminal, are often converted into atypical upright T waves by exertion, or other circumstances which increase the load upon the heart. The same reversal in polarity may occur during an attack of angina pectoris or even in the course of myocardial infarction.
The changes in the T waves under consideration may be accompanied by-changes in the level of the RS-T junction. They are not secondary to changes in the form of the QRS complex. Consequently, these T-wave changes are of the kind called primary by Wilson and Finch8; they depend upon changes in the ventricular gradient,gJ0 or, in other words, upon variations in the repolarization process, presumably dependent upon factors which affect the ventricular myocardium locally.
In 1931, Wilson, Macleod, and Barker9 pointed out that in normal subjects the ventricular gradient points frog the base toward the apex of the heart and suggested that this means that the average length of sq'stole is greater in the base of the heart than at the apex, or greater on the inner than on the outer aspects of the ventricular walls, or both. Recently a number of investigators have published electrocardiograms obtained by introducing an exploratory electrode into the cavity of the human right ventricle."J2J3 When the heart is normal the T waves inscribed in such leads are sharply and deeply inverted. In leads from the right side of the precordium, the QRS deflections are similar in general outline to those of the internal leads, but the T waves are strongly positive. It is evident, therefore, that although the subendocardial muscle of the right ventricle passes into the active state in advance of the subepicardial muscle, it passes out of this state later. In other words, the duration of the excited state is longer on the inner than on the outer aspect of 938 AMERICAN HEART JOURNAL this wall. Whether or not this is also true of the left ventricular wall is uncertain. The T wave is normally sharply inverted in Lead VR, which presumably reflects the potential variations of both of the ventricular cavities, and this strongly suggests that the cavity of the left ventricle, like that of the right, is negative during the inscription of this wave. It is true that Wilson and Herrmann, r4 in experiments in dogs, found that the deeper layers of the left ventricular wall pass out of the refractory period earlier than the superficial layers.
In their experiments, however, the heart was exposed, and cooling and drying of the epicardial surface may have increased the duration of the excited state of the outermost layers of the muscle.
There are, furthermore, no data bearing upon the form of the T deflection in direct epicardial leads or in leads from the ventricular cavities in these experiments.
Byer, Ashman, and Toth15 in experiments in dogs in which the chest was not opened have shown that cooling the endocardial surface of the heart prolongs the Q-T interval and greatly increases the size of the normally upright T waves in leads from the precordium.
We may conclude, tentatively, that the duration of the excited state is greater on the inner than on the outer surface of the ventricles, and, consequently, that the cavities of both ventricles are negative and the epicardial surfaces of both ventricles are positive during the inscription of the T deflection.
If this is the case, reversal in polarity of the T wave is the result of a change in the relative length of systole on the two surfaces of the ventricular walls. No detailed explanation of this phenomenon is possible until we know what factors determine the normally greater duration of systole on the inner aspect of the ventricular walls, and how they are modified by various procedures.
Some of the factors that come to mind are: blood supply, temperature, the influence of the vegetative nervous system, differences in tension in the various parts of the ventricular walls during ventricular contraction, and inherent differences in the muscle of different parts of the myocardium.
There are at the present time few data bearing upon the influence or lack of influence of these factors or of others that may be involved. It has, however, been shown that local ischemia of the ventricular wall, produced by compression of a coronary artery, induces sharp inversion of the T waves in direct leads from the epicardial surface.'; It has not been shown that the T waves of unipolar cavity leads are affected in the opposite manner, although it seems probable that this is the case. A more severe grade of ischemia leads to elevation of the RS-T segment in the epicardial leads and presumably to downward RS-T displacement in the cavity leads.
In a case of syphilitic aortitis reported elsewhere, the coronary blood flow was evidently greatly decreased. During life the patient had very frequent attacks of angina1 pain. The autopsy showed that the coronary ostia were almost completely obliterated although the coronary arteries themselves were not involved.
There was extensive necrosis of the subendocardial muscle of the left ventricle including that of the septum and the papillary muscles.
In the right ventricular wall, patchy necrosis was present.'? The subendocardial arteriolar plexus, described by Gross,ls In 1932 Buchner26 demonstrated that in the hearts of patients with angina pectoris necrosis was confined chiefly to the inner layers and papillar)-muscles of the left ventricle.
Other studies have confirmed these observations, and RS-T displacement of the type described has been related to subendocardial injuries. 17.19,25,27-10 The reversal of polarity of inverted T waves in the precordial leads during attacks of angina pectoris and the downward dispIacement of the RS-T segment accompanying it strongly suggest ischemia of the subendocardial muscle of the left ventricIe.lY
In one case in which this phenomenon was present, necrosis affecting chiefly the subendocardial and papillary muscles of the left ventricle was observed.lQ Sodi-Pallares, Vizcalno, Sober&r, and Cabrerar" have reported a case in which the inversion of the T wave in a lead from the right ventricular cavit>-became more pronounced during a spontaneous attack of angina pectoris. They ascribed this phenomenon to subendocardial ischemia. We have shown that exertion and carotid sinus stimulation may reverse the polarity of the T waves under certain circumstances.
Both have pronounced effects upon the heart, mediated at least to a large extent, through the vegetative nervous system. It is, therefore, difficult to say whether the changes in the T waves which they induce depend directly upon the changes in the heart rate and its effects upon coronary blood flow, upon the mechanics of cardiac con-. traction, tension in ventricular walls, and so forth, or whether these effects are primarily due to alterations in sympathetic and vagal tone, Segers31 has shown that mechanical factors such as the tension in the cardiac walls, and chemical factors such as the concentration of adrenalin, acetylcholine, potassium, and calcium have important effects upon the monophasic electrogram of the frog's heart and particularly upon the cardiac afterpotentials.31
We have no data which justify any conclusion as to the exact mechanism by which exertion or carotid sinus stimulation produce the electrocardiographic effects described.
SUMMARY
In normal subjects the poIarity and contour of the T waves are relatively constant.
Atypical T waves of normal polarity occur only occasionally in the tracings of normal subjects, but are common in the electrocardiograms of patients with heart disease.
In many instances the behavior of these atypical T waves and the previous or subsequent clinical status of the patient indicate that the myocardium is abnormal.
